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Abstract

Embryonic axis formation in vertebrates is initiated by the establishment of the dorsal Nieuwkoop blastula organizer,
marked by the nuclear accumulation of maternal B-catenin, a transcriptional effector of canonical Wnt signaling. Known
regulators of axis specification include the canonical Wnt pathway components that positively or negatively affect B-
catenin. An involvement of G-protein coupled receptors (GPCRs) was hypothesized from experiments implicating G Eroteins
and intracellular calcium in axis formation, but such GPCRs have not been identified. Mobilization of intracellular Ca** stores
generates Ca®* transients in the superficial blastomeres of zebrafish blastulae when the nuclear accumulation of maternal p-
catenin marks the formation of the Nieuwkoop organizer. Moreover, intracellular Ca** downstream of non-canonical Wnt
ligands was proposed to inhibit B-catenin and axis formation, but mechanisms remain unclear. Here we report a novel
function of Ccr7 GPCR and its chemokine ligand Ccl19.1, previously implicated in chemotaxis and other responses of
dendritic cells in mammals, as negative regulators of B-catenin and axis formation in zebrafish. We show that interference
with the maternally and ubiquitously expressed zebrafish Ccr7 or Ccl19.1 expands the blastula organizer and the
dorsoanterior tissues at the expense of the ventroposterior ones. Conversely, Ccr7 or Ccl19.1 overexpression limits axis
formation. Epistatic analyses demonstrate that Ccr7 acts downstream of Ccl19.1 ligand and upstream of [-catenin
transcriptional targets. Moreover, Ccl19/Ccr7 signaling reduces the level and nuclear accumulation of maternal B-catenin
and its axis-inducing activity and can also inhibit the Gsk3f -insensitive form of B-catenin. Mutational and pharmacologic
experiments reveal that Ccr7 functions during axis formation as a GPCR to inhibit B-catenin, likely by promoting Ca**
transients throughout the blastula. Our study delineates a novel negative, Gsk3B-independent control mechanism of f3-
catenin and implicates Ccr7 as a long-hypothesized GPCR regulating vertebrate axis formation.
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Introduction

Early in vertebrate development, a cascade of inductive events
patterns the dorsoventral (DV) and anteroposterior (AP) embry-
onic axes through the establishment of the embryonic organizing
centers (for reviews, see [1-3]). First discovered in amphibians and
subsequently in other vertebrates, the dorsovegetal blastula
organizer, named the Nieuwkoop center, initiates embryonic axis
formation and later induces the dorsal gastrula, or Spemann-
Mangold organizer (SMO), which secretes factors antagonizing
Bone morphogenetic protein (BMP) signaling (reviewed by [4]).

In frog and zebrafish, canonical Wnt signaling is critically
involved in the formation and function of both dorsal signaling
centers in two sequential phases, maternal and zygotic [3,5]. The
establishment of the Nieuwkoop center soon after fertilization is
manifest by the nuclear accumulation of maternal B-catenin, a key
transcriptional effector of the canonical Wnt pathway. At the onset
of zygotic transcription, maternal [-catenin activates genes
encoding transcription factors and secreted proteins that pattern
embryonic axis. The maternal Wnt/B-catenin pathway has been
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implicated in axis determination by extensive evidence from gene
perturbation studies, including zebrafish mutants (see [6] and
references therein). Notably, maternal-effect zebrafish iwhabod (ich)
mutants, generated by females homozygous for a hypomorphic
mutation in f-catenin-2 locus, fail to establish the Nieuwkoop
center and SMO. Consequently, ik mutants lack dorsoanterior
and exhibit excess ventroposterior, embryonic structures [7].

To ensure the correct establishment of the embryonic organiz-
ers and polarity, the nuclear localization of B-catenin is under tight
control. Interestingly, almost all known regulators of SMO
formation are components of the Wnt/B-catenin pathway that
directly or indirectly inhibit B-catenin, including Axin, Gsk3f,
Naked1/2, and SCFB-TrCP complex (see reviews in [8,9]). For
example, overexpression of Gsk3B in zebrafish leads to decreased
expression of the SMO genes [10], whereas depleting maternal
Naked1/2 elevates their expression [11]. On the other hand, genes
such as dickopff (dkk1) and frizzled-related proten (frzb), encoding
secreted Wnt inhibitors, are expressed in the SMO to restrict the
ventralizing and posteriorizing Wnt8 activities [12,13]. Collective-
ly, limiting the activity of the Nieuwkoop center and SMO is
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Author Summary

The arrangement of dorsoventral (back to belly) and
anteroposterior (head to tail) embryonic structures is
specified early during animal embryogenesis. In verte-
brates, this process of axes formation is initiated by [-
catenin, a transcriptional effector of Wnt signaling, which
marks the prospective dorsal side. Thus far, all known
regulators of axis specification that affect B-catenin include
components of the Wnt pathway. G protein-coupled
receptors (GPCRs), as well as Ca®" signaling, have also
been hypothesized to inhibit B-catenin and axis formation,
however the identity of such GPCRs has remained unclear.
Here, we identify two novel regulators of axis formation:
the zebrafish Ccr7 chemokine GPCR and one of its ligands,
Ccl19.1, both of which are uniformly expressed in the early
zebrafish embryo. We show that reducing the expression
of Ccr7 or Ccl19.1 increases B-catenin levels and also the
dorsoanterior tissues at the expense of the ventroposterior
ones. Conversely, an excess of Ccr7 or Ccl19.1 lowers -
catenin levels and limits axis formation. Further experi-
ments show that Ccr7 acts upstream of p-catenin
transcriptional targets. Our study delineates a novel
mechanism for the negative control of B-catenin, whereby
Ccr7 increases f-catenin degradation in a Gsk3B-indepen-
dent manner, likely by promoting Ca** signaling through-
out the embryo. In a new model of axis specification we
propose that Ccr7 acts as a long-hypothesized GPCR that
provides a global inhibition of B-catenin to ensure the
precise formation of embryonic axes.

indispensable for normal axis formation and entails both negative
and positive modulation of the Wnt/B-catenin pathway, acting at
the early and late blastula stages, respectively [14-16].

Several reports suggest intracellular Ca®" as a negative regulator
of axis specification through its antagonism of Wnt/B-catenin
pathway (see reviews in [17,18]). Although the molecular mecha-
nisms regulating intracellular Ca®* in carly embryos remain elusive,
mobilization of intracellular Ca®* stores by activation of inositol
trisphosphate (IPs) receptors in endoplasmic reticulum has been
proposed to generate Ca®* transients in the superficial blastomeres
of zebrafish blastulae [19,20]. In addition, B-catenin-independent or
non-canonical Wnt signaling was proposed to counteract the
canonical Wnt/fB-catenin pathway during axis specification by
promoting Ca?* signaling [21,22]. In support, overexpression of
Wnt5 can antagonize B-catenin activity, resulting in ventralization
[23]. However, it remains unclear whether Wnt) is required for axis
formation. Whereas according to some reports zebrafish pipetail/
wntdb mutants exhibit expansion of dorsal tissues [24], others
reported normal axial patterning in embryos lacking pipetail/ wnt5b
[25]. Consequently, some current models of axis formation do not
feature non-canonical Wnts or intracellular Ca®* signaling [2].
Moreover, the mechanisms via which Ca®" inhibits B-catenin in
early embryos are not understood.

GPCRs have also been hypothesized to function as upstream
regulators of Ca** mobilization during axis formation, based on
the potential involvement of heterotrimeric G proteins in
intracellular Ca®* modulation in the zebrafish embryo [26,27].
GPCRs constitute a large family of seven transmembrane
receptors whose primary function is to transduce extracellular
signals into cells. Upon ligand binding, GPCRs activate hetero-
trimeric G proteins, which modulate the propagation of various
second messengers and/or the activity of ion channels. These
receptors play prominent roles in sensory organs and the central
nervous and immune systems in adults [28], as well as in cancer
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metastasis [29]. However, recent evidence implicates GPCRs,
particularly the subgroup of chemokine receptors, in embryogen-
esis [30]. One of the chemokine signaling axes, the CXCL12/
SDF-1-CXCR4/7, is involved in guiding movements of various
cell populations, such as primordial germ cells [31,32] or nascent
endoderm [33,34]. Also, Apelin and its cognate GPCR, Agtrllb,
control the migration and fate of cardiac precursors during
zebrafish gastrulation [35,36]. However, GPCRs involved in
vertebrate axis formation have not yet been identified.

Here we report on a novel role for Ccr7, a chemokine GPCR
known for its ability to control chemotaxis and other properties of
lymphocytes [37], in regulating embryonic axis determination in
zebrafish. Using loss- and gain-of-function approaches, we find
that maternally and ubiquitously expressed Ccr7 and its ligand
Ccl19.1 limit the formation of the Nieuwkoop and SMO
organizers. Further epistasis and molecular analyses indicate that
Ccr7 acts as a GPCR to negatively regulate the level and nuclear
localization of maternal B-catenin by a Gsk3B-independent and
Ca?"-dependent mechanism. We propose that Cer7 GPCR
signaling downstream of Ccl19.1 chemokine inhibits B-catenin in
a Gsk3B-independent fashion, likely by promoting Ca* signaling
throughout the blastula, and consequently limits the formation of
the dorsal organizers and the embryonic axis.

Results

Ccr7 Activity Limits the Nieuwkoop Center and Axis
Formation

During a large-scale characterization of the expression patterns
of zebrafish chemokine GPCRs (SW and LSK, unpublished), we
identified the ¢cr7 ortholog [Chemokine (C-C motif) receptor 7]
(Figure S1A; [38]) among GPCRs expressed during gastrulation.
WISH (whole mount in situ hybridization) experiments revealed
that ccr7 RNA was expressed maternally and uniformly during
early cleavage stages, becoming asymmetrically distributed by
4.5 hpf and dorsally enriched by early gastrulation (Figure S1B).
To explore the role of Ccr7 in embryonic development, we
interfered with its activity by injecting into early zygotes antisense
morpholino oligonucleotides (MO1-¢cr7) that effectively blocked
¢cer7 translation by targeting 5'-UTR sequences, as revealed by the
cer7-5' UTR-EGFP reporter (Figure S1D). At 11 hpf (Figure S1C)
and 27 hpf, the embryos injected with MO1-¢cr7 displayed a range
of dorsalized phenotypes [39], including trunk and tail truncations
(Class C4—C5; Figure 1Ab; all experimental numbers are provided
in figure legends) or tail and ventral tail fin deficiencies (Class C3;
Figure 1Ab’). These phenotypes were observed with variable
penetrance and expressivity (IFigure 1Ac), likely due to incomplete
interference with the translation of maternal ¢cr7 RNA and
presence of maternal Ccr7 protein that could not be affected by
the MO1-ccr7. Conversely, injections of synthetic ccr7 RNA
produced a spectrum of phenotypes, similar to ventralized
zebrafish mutants (Figure 1B) [40]. Most exhibited minor (Class
V1) or stronger axial defects (V2/boz-like; with reduced notochord,
frequent cyclopia, but retaining some head structures), whereas in
more severe cases (V3), the anterior head structures and notochord
were completely absent (Figure 1Ba—b), similar to the phenotypes
reported for strong boz [41] and boz;sqt double mutants [42,43] or
embryos overexpressing BMP ligands [40].

To characterize further the consequences of loss and gain of Cer7
function on embryonic patterning, we examined the expression of a
suite of region-specific markers (Figures 1C,D and S1G,H). Compared
to the control blastula at 4 hpf, cer7 morphants showed expanded
expression domains of the early dorsal markers, including three direct
targets of maternal B-catenin, boz/ dharma (Figure 1Ca—b"), mkp3/dusp6
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Figure 1. Ccr7 is required for proper AP and DV embryo patterning. (A) The spectrum of dorsalized phenotypes in embryos injected with
MO1-ccr7 at 27 hpf, ranging from highly dorsalized (C4-5; b) with truncated tails and trunks to C3 with tail deficiencies (b’) (total n=190, seven
independent experiments for 12 ng MO1-ccr7 and n=35, one experiment for 20 ng MO1-ccr7). The frequency of each phenotypic category is
indicated in the right panel (c). The scale bars represent 200 um in all figures. (B) Ccr7 overexpression (150-200 pg RNA) caused a spectrum of
ventralized phenotypes, ranging from V3 to V1 (arrows show anterior and notochord deficiencies) to WT-like (a). The frequency of each phenotypic
category is indicated in the right panel (b; n =96, two experiments). (C) Expression of dorsal/ventral markers in Ccr7 morphants compared to control
embryos revealed by WISH. (a—e’) Expression of dorsal genes was upregulated or expanded: at high-oblong stage (3.3-3.7 hpf), boz, n=8/8; at sphere
stage (4 hpf), boz, n=16/28; mkp3, n=9/12; chd, n=11/15; at shield stage (6 hpf), gsc, n=18/37. (f-j') Expression of ventral genes was reduced: at
dome (4.3 hpf) stage, bmp2b, n=19/24; at 30% epiboly stage (4.7 hpf), ved, n=12/14; at shield stage, bmp4, n=9/10; szl, n=11/12; vox, n=16/22.
Animal views, dorsal to the right. (D) Expression of dorsal/ventral markers in Ccr7-overexpressing embryos revealed by WISH. Expression of ventral
markers was expanded (a—c’), while dorsal markers were decreased (d-e’): at sphere stage, boz, n=28/8; chd, n=10/13; at 40% epiboly stage (5 hpf),
bmp2b, n=12/12; bmp4, n=14/14; szl, n=13/13. Animal views, dorsal to the right.

doi:10.1371/journal.pbio.1001403.g001

(Figure 1Cc—c"), and squint (sqi)/ ndrl (Figure S1Ga—a') [42,44]. Chordin the expression domains of the SMO gene, gs¢ (Figure 1Ce—¢'), and
(chd), encoding a BMP antagonist, was also upregulated in ccr7 another B-catenin-dependent dorsal gene, Ahex, were also significantly
morphants (Figure 1Cd-d"). Consistently, at early gastrulation (6 hpf), broadened (Figure S1Gb-b'). Conversely, the ventrally restricted
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genes, bmp2b and bmp4, were downregulated and/or exhibited reduced
expression domains (Figure 1Cf-g"). Likewise, the ventrally expressed
and BMP-dependent gene, sizzled (sz0), was strongly downregulated in
¢cer7 morphants (Figure 1Ch—h"), while the expression of vox, vent, and
ved, all members of the wox/vent gene family, were more ventrally
restricted (Figure 1Ci5" and Figure S1Ge—"). Using qRT-PCR to
measure changes in the expression level of selected genes in ccr7
morphants, we observed that soon after the nitiation of zygotic
transcription [45], expression of boz and another early dorsal gene, /g/3,
was slightly but significantly upregulated (3.3 hpf; 1.2 to 1.6 relative
fold expression), whereas bmp2b expression was mildly decreased. Soon
thereafter (4 hpf), the expression of mkp3 was highly increased, while
boz expression remained slightly elevated (Figure S1Gd).

To test whether the dorsalized phenotype of ¢cr7 morphants
resulted from specific interference of MO1 with ¢cr7 translation,
we co-injected MO1-¢er7 and a synthetic ¢er7 RNA lacking MO1-
targeting sequences. We observed that both the penetrance and
expressivity of the morphological (not shown) and gene expression
aspects of the dorsalized phenotype of c¢cr7 morphants were
suppressed, as shown by sz/ expression (Figure S1E). In addition,
injections of a control MO harboring five mismatches in MO1-cer7
target sequence had no effect on embryo morphology or
expression of dorso-ventral markers at blastula stages (Figure
S1F). All together, these data indicated that ccr7-deficient embryos
exhibited enlarged Nieuwkoop center and SMO and subsequently
expansion of dorsoanterior at the expense of ventroposterior cell
fates.

Consistent with the above model, embryos injected with ccr7
RNA exhibited ventralized characteristics at 27 hpf (Figure 1Ba,b)
and, at earlier stages, expanded expression domains of the ventral
and posterior genes bmp2b, bmp4, szl, ved, and vox (Figure 1Da—c’,
Figure S1Hc—¢’,h-h') and reduced expression domains of boz,
mkp3, and chd (Figure 1Dd—e’, Figure S1Ha—b’,f-g’). Based on
these results, we propose that maternally provided ccr7 is required
during zebrafish axis formation to limit the Nieuwkoop center and
SMO and subsequently development of dorsoanterior embryonic
structures.

Ccr7 Limits Axis Formation by Negatively Regulating -
Catenin

Next, we set out to delineate the position and mechanism of
Cicr7 action within the axis formation genetic hierarchy. Owing to
its maternal expression and effects on the early Nieuwkoop center
markers like boz or sqt (Figures 1C,D and S1H), which are direct
targets of B-catenin, we hypothesized that Ccr7 acts by regulating
the maternally provided B-catenin. We first examined its
relationship to the boz gene, which is essential for SMO formation
[41] and whose overexpression hyper-dorsalizes embryos by
inducing ectopic expression of SMO genes, such as gs¢ (Figure
S2A and S2B; [46,47]). However, co-injection of c¢cr7 with boz
RNA could not suppress the hyper-dorsalized phenotypes resulting
from Boz overexpression (Figures S2A and S2B). The results of
this epistasis experiment support the notion that Cer7 limits axis
formation by acting upstream of boz and thus likely by regulating
B-catenin.

To test this hypothesis more directly, we utilized the maternal-
effect hypomorphic regulatory i’ mutation, which reduces
expression of the f-catenin-2 locus [7,16]. Accordingly, almost all of
the progeny of ich’ /P! females, called thereafter ich mutants,
exhibited the strongest ventralized or radialized phenotypes,
characterized by the lack of head, severely reduced trunk, and
enlarged tail (Figure 2Aa). Strikingly, ich mutants injected with
MO1-¢cr7 at the 1-cell stage displayed a phenotypic spectrum, with
over half of the embryos exhibiting some trunk tissues, including
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somites (Figure 2Ab—e, arrows) and some showing rudimentary
head structures (Figure 2Ae,g, arrowheads). Intriguingly, a fraction
of these MO1-¢cr7-injected ich mutants formed partial double axes
with a common posterior tail (20%-25%; Figure 2Ac,d,eh,
arrows), as also revealed by expression of myod!, a somitic marker
(Figure 2B).

Gene expression analyses at early gastrulation indicated that, in
a striking contrast to control ik mutant embryos (Figure 2Ca-b),
the SMO genes c¢hd and gsc were expressed more broadly or
around the embryonic circumference of MO1-cer7-injected ich
mutants (Figure 2Ca’-b’). Conversely, expression of the ventro-
lateral marker evel/ was strongly reduced in MO1-¢ccr7-injected wh
mutant gastrulae, which are characterized by expanded expression
of this gene (Figure 2Cc—") [7]. In conclusion, this attenuation of
ich phenotypic severity by reducing cer7 function is consistent with
the notion that Cecr7 plays a negative role in dorsal axis
specification by directly or indirectly regulating B-catenin.

Next, we asked whether the partial suppression of the «h mutant
phenotype by Cer7 depletion was due to an influence on B-catenin
expression. P-catenin is detected in nuclei on the prospective
dorsal side of 128-1,000 «cell wild-type (WT) blastulae
(Figure 2Ea,a’) [48,49]. In contrast, ich mutants have very reduced
levels of maternal B-catenin, which is undetectable in the nuclei
(Figure 2Da—a’) [7]. Strikingly, most cells in ich mutant blastulae
injected with MO 1-¢er7 showed nuclear accumulation of B-catenin
(Figure 2Db—c"). Further, compared to control WT embryos, the
dorsal domain of nuclear localized B-catenin was expanded in WT
embryos injected with MO1-¢er7, while it was reduced in WT
blastulae overexpressing Cer7 (Figure 2E). Moreover, Western blot
analyses revealed reduced levels of endogenous maternal B-catenin
and B-catenin-GFP in embryos co-injected with f-catenin-GFP and
cer7 RNA (Figure 2G; 3-3.3 hpf) and also after the onset of the
zygotic transcription (Figure S2E; 4 hpf). Finally, ik mutants
injected with synthetic f-catenin RNA showed increased level and
nuclear accumulation of B-catenin that was eliminated by co-
injection of ¢er7 RNA (Figures 2F and S2E). Based on the above
results, we conclude that Ccr7 negatively regulates the level and
nuclear localization of B-catenin.

Ccr7 Inhibits Axis-Inducing Activity of B-Catenin in a
Gsk3B-Independent Manner

To define the underlying mechanism by which Cer7 inhibits -
catenin, we tested the ability of Ccr7 to antagonize W'T and
mutant f-catenin in co-expression experiments. Consistent with
previous reports [50], injection of synthetic f3-catenin RNA into WT
zygotes resulted in strong embryo dorsalization (Figure 3Ab—b’),
correlated with increased expression of the SMO marker gsc
(Figure 3Ae). In support of the notion that Ccr7 inhibits B-catenin,
the dorsalized phenotypes of B-catenin overexpressing embryos
were suppressed by co-injecting ccr7 RNA (Figure 3Ac,tfg).
Similarly, Ccr7 overexpression suppressed the rescuing effect of
f-catenin RNA on ich mutant phenotype (Figure S2C).

One of the key negative regulators of B-catenin is Gsk3f, which
phosphorylates B-catenin and targets it to proteasome-mediated
degradation [51,52]. To investigate if the negative control of B-
catenin by Ccr7 is dependent on Gsk3p activity, we employed two
different approaches. First, we treated zebrafish blastulaec with
LiCl, a well-known Gsk3p inhibitor, which results in stabilization
of B-catenin [53], dorsalized embryo morphology (Figure 3Ba—b),
and enlarged gsc expression domain (Figure 3Bd-e), consistent
with previous reports [54]. Interestingly, both the dorsalized
morphology and the expansion of gsc expression domain caused by
LiCl treatment were significantly suppressed in embryos overex-
pressing Cer7 (Figure 3Bc and Bf). Moreover, the expansion of the
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experiments). Arrows indicate partial axes and arrowheads indicate rudimentary head structures. (B) myod1 expression in uninjected (a) and MO1-
ccr7-injected ich embryos (b,b’) revealed somitic tissue. Arrows indicate partial double axes. (C) In contrast to uninjected ich mutants (a,b,c), in MO1-
ccr7-injected ich embryos, the organizer genes gsc (@', n=11/12) and chd (b’, n = 8/8) were expressed; while expression of the ventral gene, evel, was
significantly reduced (c’, n=30/40). Animal views. (D) Lack of B-catenin nuclear accumulation, detected by immunostaining at 256-cell stage, in ich
mutants (a), was suppressed in MO1-ccr7-injected ich embryos (b,c; n=9/10, two experiments). (a’-c’) Higher magnification of boxed areas in a-c. (E)
Dorsal domain of nuclear accumulation of B-catenin, detected by immunostaining at 256-cell stage in WT embryos (a), was expanded in ccr7
morphants (b; n=6/13), while it was diminished in Ccr7 overexpressing embryos (c; n=8/11). (a’-c’) Higher magnification of boxed areas in a-c. (F)
Ectopic B-catenin nuclear accumulation, detected by immunostaining at 256-512-cell stage, in ich mutants injected with fS-catenin RNA (a; 25 pg,
n=9/10), was suppressed by co-injecting ccr7 RNA (b; 150 pg, n=7/10). (a’-b’) Higher magnification of boxed areas in a-b. (G) Ccr7 gain-of-function
decreased both levels of endogenous B-catenin and ectopic B-catenin-GFP. Western blotting of 3-catenin and GFP protein from uninjected control, -
catenin-GFP RNA (10 pg) injected, or -catenin-GFP RNA (10 pg)/ccr7 RNA (200 pg) co-injected embryos (all at 3-3.3 hpf). Graphs below show the

relative protein level (signal intensity) quantified from three separate immunoblots. * p<<0.05.

doi:10.1371/journal.pbio.1001403.g002

domain of nuclear B-catenin localization in LiCl-treated, com-
pared to the control, WT blastulae was suppressed by Ccr7
overexpression (Figure 3Bg—i).

Second, we utilized an N-terminally truncated mutant form of
B-catenin (ANB-catenin), which cannot be targeted by Gsk3f for
degradation [52]. Injection of synthetic ANP-catenin RNA effec-
tively suppressed the ventralized phenotypes of ik mutants in a
dose-dependent manner, producing mutants with largely WT
appearance or only mild axial defects (classes V1-V2; Figure 3C).
However, when the synthetic ANB-catenin and ccr7 RNAs were co-
injected into ich zygotes, the resulting embryos represented the
more severe section of the phenotypic ik mutant spectrum (V3—
V4; Figure 3C). Conversely, the ability of ANB-catenin-GFP to
dorsalize WT embryos was enhanced by simultaneously depleting
Cer7 (Figure S2D). In addition, the level and nuclear localization
of ANB-catenin-GFP was significantly reduced in WT blastulae
co-injected with ¢cr7 RNA and increased when ANB-catemin RNA
was co-injected with MOl-¢ccr7, as seen by in vivo imaging
(Figure 3D) or Western blotting (Figure 3E).

To explore further the mechanism via which Cer7 downregulates
B-catenin levels, we employed Lactacystin, a known inhibitor of
proteasome activity (see Materials and Methods). As shown in
Figure S3, Lactacystin treatment of early embryos expressing B-
catenin-GFP fusion protein and Cer7 or Gsk3 partially suppressed
the reduction of B-catenin-GFP levels in embryos overexpressing
Cecr7 as well as in embryos overexpressing Gsk3p. Collectively,
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these data support the conclusion that Ccr7 negatively regulates -
catenin levels through a Gsk3B-independent mechanism, in part via
proteasome-dependent degradation.

Ccr7 Functions as a GPCR to Limit Axis Formation

Next we asked whether Cer7 regulates P-catenin and axis
formation by functioning as a bona fide GPCR. We first generated
dominant-negative constructs of Ccr7, either lacking the C-
terminus (aa 331-372) or mutating the DRY motif, previously
shown to be indispensable for the mammalian Ccr7 to induce
downstream signaling events, including Ca®* mobilization [55]. In
agreement with Ccr7 influencing axis formation as a GPCR,
injection of synthetic RNAs encoding either dominant-negative
form of Ccr7 increased expression of dorsal markers boz, sgt, and
c¢hd (Figure 4Aa—c'), phenocopying defects observed in Cicr7
morphants (Figure 1C). Second, we tested whether Cecr7, as
expected from a chemokine GPCR, signals through G-protein
coupling in the process of axis formation. Consistent with this
notion, treating Cicr7 overexpressing embryos with GDP--S, a
GPCR/heterotrimeric G protein activation inhibitor [56], sup-
pressed the ventralizing effect of Cecr7, as revealed by szl
expression (Figure 4B).

We next sought to delineate the events downstream of Ccr7 that
lead to B-catenin inhibition. Mammalian Ccr7 has been shown to
mobilize intracellular Ca®" as one of the downstream responses
[57]. In addition, previous reports suggested Ca®" as a negative
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overexpression (b,b’, 25 pg, n=22/25), compared to control WT embryos (a), were suppressed by Ccr7 overexpression (c; 150 pg, n=28/12). (d-f)
Expansion of gsc expression domain in f3-catenin overexpressing embryos (e), relative to control WT embryos (d), was suppressed by co-injection of
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than half of the embryo equator. (B) (a—c) LiCl-treated embryos (b; n = 16/20) show dorsalized phenotypes at 30 hpf compared to control embryos (a).
LiCl-dependent dorsalization was suppressed by injection of ccr7 RNA (c; n=8/20, two experiments). (d-f) gsc expression at shield stage (6 hpf) in
control (d), LiCl-treated (e; n=13/14), and LiCl-treated and ccr7 RNA-injected embryos (f; n=9/12). Animal views, dorsal to the right. (g-i) B-catenin
immunostaining at 256-cell stage in control (g), LiCl-treated (h, n=9/10), and LiCl-treated embryos overexpressing Ccr7 (i; n=9/11). Arrows point to a
few B-catenin-positive nuclei in control embryos (g) and LiCl-treated embryos overexpressing Ccr7 (i). (C) Ccr7 antagonizes the ability of ANf-catenin
to rescue the ventralized ich mutant phenotype. (a) V1-V4 phenotypic classes, with V4 corresponding to the strongest ich phenotype. (b) Frequencies
of the V1-V4 phenotypic classes of ich mutants injected with synthetic ANf-catenin RNA alone or co-injected with ccr7 RNA. Injected amounts of
RNAs in pg are shown below the graph, and the number of embryos in each group above each bar. (D) (a—c) Co-injections of ANf-catenin-gfp RNA
and MO1-ccr7 or ccr7 RNA showed that Ccr7 can downregulate B-catenin, shown at higher-magnification (d-f). Compared to control (a, d), ccr7 RNA
overexpressing blastulae showed strongly decreased (b, e), while MO1-ccr7 injected blastulae showed increased, ANB-catenin-GFP signal (c, f). H2B-
RFP RNA was injected as nuclear background control (a’-c’ and higher magnification in d’'—f"). (E) Western blot analysis of co-injection of ANS-
catenin-gfp RNA and ccr7 RNA or MO1-ccr7. Quantification of the relative protein level (signal intensity) from three independent immunoblots
(bottom panel). * p<<0.05.

doi:10.1371/journal.pbio.1001403.g003

regulator of zebrafish axis formation, acting possibly as an characteristics, such as mpodl-expressing somites (unpublished
inhibitor of the Wnt/B-catenin pathway [17,18]. Therefore, we data). Also, expression of dorsal markers, including gsc (Figure 4C)
tested whether Cer7 inhibits B-catenin through the activation of and mkp3, sqt (Figure 5Bc—h), was strongly upregulated, surround-
Ca®* signaling. We first used a known Ca®* inhibitor, thapsigargin ing the whole margin of the thapsigargin-treated ik embryos.
[58], to effectively block the intracellular Ca®" fluxes (Figure 4F) These results suggest that suppression of intracellular Ca®*
[19,20]. Compared to the untreated and strongly ventralized ik transients can activate the axis induction gene hierarchy in uh
mutants, thapsigargin-treated i« embryos showed some axial mutants, phenocopying loss of ¢cr7 function in these mutants
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and actin in control (DMSO-treated) and thapsigargin-treated (4 uM) WT embryos at 4 hpf, with relative quantification to B-actin from three
independent experiments in the right panel. (F) Effects of ccr7 and thapsigargin on Ca®* transients in superficial blastomeres. (a, b) Examples of Ca®"
transients revealed by in vivo ratiometric image analysis in a WT embryo at 512-cell stage. The arrows point out the Ca®" transients at consecutive
time points (still images). Note the rapid changes of Ca**intensity (compare b to a, 8 s interval). (<) The number of Ca®* transients normalized to
20 min in control embryos (WT1, n=9, red; WT2, n=7, blue), ccr7 morphants (n=5), Ccr7 overexpressing blastulae (n=10), ccr7/ccl19.1 double
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quantified by in vivo time-lapse imaging with Calcium Green-1 at about 256-cell stage or 2.5 hpf (see Materials and Methods for detail). Red and blue
data were collected over 10 and 20 min, respectively; * p<<0.05, Student’s t test, unequal variance.

doi:10.1371/journal.pbio.1001403.g004

(compare Figures 4C, 5B and 2C, 5A). Also reminiscent of ccr7-
deficient ich mutants, increased level and nuclear localization of
endogenous P-catenin was detected in thapsigargin-treated ich
mutant blastulae (Figure 4Db-b’). Consistently, thapsigargin-
treated WT embryos showed increased levels and nuclear
localization of misexpressed ANp-catenin (Figure 4Fa—¢’) and
increased levels of endogenous B-catenin, as revealed by western
blotting (Figure 4Eg). Additionally, W'I' embryos treated with 2-
APB, an antagonist of IP; receptors regulating mobilization of
intracellular Ca®" in early zebrafish blastulae [19], also showed

PLOS Biology | www.plosbiology.org

increased levels and nuclear accumulation of ANp-catenin
(Figure 4Ec—{") and upregulated mkp3 expression similar to
thapsigargin-treated WT embryos (Figure S4C). Thus, Cer7 could
act upstream of IP3-mediated intracellular Ca** fluxes, consistent
with IPs-mediated Ca** release from intracellular stores negatively
regulating B-catenin [27]. It was noted that embryos injected with
MOl-cer7 (Figure 3D) and treated with thapsigargin or 2APB
(Figure 4E) also displayed heterogeneous cell sizes and shapes;
these differences may reflect abnormalities in cell division and cell
shape, consistent with known effects of Ca®" on cytokinesis [59]
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and cell shape changes [60]. At 1 dpf embryos treated with
thapsigargin or 2APB displayed a variety of defects that cannot be
simply accounted by dorsalization, including shortened and
malformed body axes and yolk cells incompletely covered by the
blastoderm (Figure S4D). These abnormalities are likely due to the
effects of inhibition of Ca®" stores on epiboly [61,62] and
convergence and extension gastrulation movements [63], in
addition to the DV patterning defects.

To test whether such a Ccr7/Ca®" pathway operates in
zebrafish, we directly monitored the dynamic Ca®" release in vivo
during early cleavage stages by ratiometric time-lapse imaging

PLOS Biology | www.plosbiology.org

(Figures 4F, S4A and S4B; also see Movies S1-S3 and Materials
and Methods for details). Aperiodic, localized Ca®" transients
occur starting at 32 to 1K cell stage (1.75-3 hpf) and are uniformly
distributed in the superficial blastomeres of zebrafish blastulae
[20,56], concurrent with the nuclear localization of B-catenin on
the prospective dorsal side [48]. Compared to the WT control, the
frequency of Ca®* transients was significantly higher in embryos
overexpressing Cer7 as well as in embryos co-expressing Cer7 and
its Ccll9.1 chemokine ligand (see below), correlating with a
reduction of [-catenin in embryos overexpressing Cecr7
(Figures 2G, S2E, and 3D,E). Conversely, the frequency of Ca®"

October 2012 | Volume 10 | Issue 10 | €1001403



transients was reduced with incomplete penetrance in ccr7 (or ccr7/
¢cl19.1) morphants compared to un-injected controls. Finally,
strong and consistent reduction of Ca®" transients was observed in
thapsigargin-treated W'T' embryos (Figures 4F, S4A and S4B),
correlating with a marked upregulation of B-catenin levels upon
thapsigargin treatment (Figures 4Eb—e’,g).

If excess Cer7 negatively regulated B-catenin by mobilizing
intracellular Ca**, reducing intracellular Ca®" levels should block
this effect. Accordingly, thapsigargin-treated ich mutants overex-
pressing Cer7 showed a broad nuclear localization of B-catenin
(Figure 4Dc—c'), indicating that reducing intracellular Ca?* is
epistatic to cer7 gain-of-function. All together, these data support a
model whereby Ccr7 GPCR signaling induces, as one of its
downstream responses, Ca®* signaling, which in turn negatively
regulates the level and nuclear localization of B-catenin and
consequently limits axis formation during the cleavage stages of
development.

Unlike the complete rescue of ich phenotypes caused by
misexpression of B-catenin or Boz (Figures 3C, S2C, and
unpublished data) [7], ich mutants depleted of either ¢cr7 function
(Figure 2A and 2B) or intracellular Ca®* did not develop complete
axes, even though the nuclear-localized B-catenin (Figures 2D and
4D) and gsc gene expression (Figures 2C and 4C) were clearly
observed at the blastula stage. These differences could indicate
that the Ccr7/Ca®" pathway influences the dorsal gene expres-
sion/axis formation in addition to its effects on P-catenin.
Therefore, we examined the expression of three early B-catenin-
dependent genes in MO1-¢cr7-injected ich mutants, following the
initiation of zygotic transcription by gqRT-PCR and WISH.
Interestingly, boz expression was initially uniformly activated in
MO 1-cer7-injected ich mutants at 3.3 hpf (Figure 5Aa’,Ae),but was
decreased by 4 hpf (Figure 5Ab’). In contrast, expression of mkp3
showed a moderate increase at first (Figure 5Ae) but was then
strongly upregulated, encompassing the entire blastoderm at 4 hpf
(Figure 5Ac’). The gradual reduction of boz expression from 3.3 to
4 hpf contrasted the increasing expression of mkp3 (Figure 5Aa’—
¢') in ich mutants injected with MO1-¢er7, similar to the changes in
expression of these two genes in WT embryos injected with MO1-
cer7 (Figure S1Gd). These observations are consistent with
previous reports that maintenance, but not initiation, of boz
expression is dependent on FGF signaling and that overexpression
of mkp3, encoding a feedback attenuator of the FGI pathway,
limits boz expression [64].

Thapsigargin-treated WT embryos (Figure 5Bb) and MO1-¢cr7-
injected ih mutants (Figure 5A,B) showed comparable gene
expression profiles at 4 hpf, including greatly expanded mkp3
expression (Figure 5Bd), also observed in WT embryos treated
with 2-APB (Figure S4Cic). On the other hand, the expression of
another P-catenin target gene, sqf, was slightly increased in
thapsigargin-treated W'T' and ich embryos (Figure 5Bfh), and less
so in MO1-¢er7-injected ich mutants (Figure 5Ad’), suggesting that
MO1-¢cr7 may only partially block the Ca®* release, consistent
with the Ca”" imaging data (Figure 4F). In summary, we observed
that mkp3, encoding an FGF antagonist, became highly upregu-
lated relative to other SMO markers between 3 and 4 hpf in both
WT blastulae (Figures 5B and S1Gd) and «h mutants (Figure 5A).
Because formation of a complete embryonic axis in ik mutants
requires FGF signaling [64], the upregulation of mkp3 could
account for the formation of incomplete axes in ik mutants
mjected with MO1-¢c7 and treated with thapsigargin.

Ccl19.1 Signals through Ccr7 to Regulate Axis Formation

To identify a ligand that regulates Ccr7 in the process of axis
formation, we analyzed one of the zebrafish homologs of the
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known mammalian Ccr7 ligands, Ccll19.1 [65], which is expressed
maternally and ubiquitously during early cleavage stages (unpub-
lished data). Consistent with Ccll9.1 activating Ccr7 activity
during axis formation, injection of synthetic ¢c//9.] RNA
ventralized embryos (Figures 6A, S5A, and S5D), phenocopying
Cicr7 overexpression (Figure 1B). In addition, Ccl19.1 overexpres-
sion counteracted the axis-inducing activity of B-catenin
(Figure 6Bb), as Ccr7 overexpression did (Figure 3Cb). To test if
Cicl19.1 is required for axis formation, we injected MO1-¢¢cl19.1 to
interfere with its translation. We observed that interference with
Ccl19.1 function leads to a spectrum of dorsalized phenotypes at
27 hpf (Figure 6Ca,b) and altered expression of selected dorsal/
ventral markers during blastula and gastrula stages (Figure 6Cc).
The specificity of MO1-c¢l19.1 was confirmed with co-injection of
synthetic ¢c/19.1 RNA lacking the targeting sequence (Figure S5B).
In addition, injections of a control MO harboring five mismatches
in MOI1-¢l19.1 target sequence had no effect on embryo
morphology (unpublished data) or expression of dorso-ventral
markers at blastula stages (Figure S5C).

In support of Ccll9 and Cer7 functioning as a ligand-receptor
pair, embryos injected separately with low doses of MO1-¢cr7 or
MO1-¢cl19.1 developed normally, whereas co-injection of the
same doses of both MOs dorsalized embryos in a synergistic
fashion (Figure 6D). Co-injections of c¢er7 and ¢cl19.1 RNAs
showed similar synergistic effects on ventralization (unpublished
data). To ask whether the ventralizing activity of Ccll9.1
depended on normal Ccr7 function, we carried out epistasis
experiments. Whereas c¢c//9.] RNA-injected embryos showed
expanded sz/ expression (Figure 6Eb; 65%, n= 32), most embryos
co-injected with MO1-cer7 showed little or no sz/ expression
(Figure 6Ed; 84%, n=38), as observed for ccr7 morphants
(Figures 1C and 6Ec; 92%), n= 13). Altogether, these data provide
support for the notion that Ccl19.1 functions upstream of the Cer7
GPCR to inhibit B-catenin and limit axis formation, likely as its
specific ligand.

Discussion

Since canonical Wnt, BMP, Nodal, FGF, and retinoic acid
signaling pathways were shown to be involved in the specification
and patterning of the embryonic axis in vertebrates over a decade
ago [1,66], no new signaling pathway has been implicated in this
fundamental developmental process. Here, we uncover a previ-
ously uncharacterized role for the Ccr7 chemokine GPCR and its
ligand, Ccll9.1, in zebrafish embryonic axis specification. A
particularly intriguing finding is that Ccll9.1/Ccr7 signaling
negatively regulates the Wnt/B-catenin pathway by a Gsk3p-
independent mechanism. Importantly, our study reveals a novel
layer of negative control of axis formation that does not involve a
component of Wnt signaling. Moreover, it underscores the
significance of the precise regulation of this first symmetry-
breaking process during vertebrate embryogenesis.

We provided several lines of evidence that Cer7 GPCR and
Ccll19.1 chemokine are required and sufficient to negatively
regulate B-catenin and axis formation (Figures 1, 2, and 6) in a
Gsk3f-independent manner (Figure 3). Because MOs cannot
inhibit Cecr7 and Ccll9.1 proteins that are likely maternally
contributed, and there is a narrow time window for injected MOs
to effectively interfere with translation of the maternally deposited
ccr7/ccl19.1 mRNAs, the incompletely penetrant and variable
phenotypes described here likely represent a partial loss of ¢cr7 and
¢cl19.1 function. It is noteworthy that axis specification defects of
variable penetrance and expressivity are observed in embryos
homozygous for a nonsense mutation in the boz gene [41].

October 2012 | Volume 10 | Issue 10 | €1001403



Chemokine GPCR Signaling Inhibits B-Catenin

b
n=17 n=22 n=12
100%
°
= 80%
c
Q
(5]
60% ;i
B
— < v2
o2 40% - .\::r
8 a
20%
% ) Ap-cat 20
NI Moz oo (P9)

a b c

WT

50%

40%

C1

30% MO1-ccr7 (5ng) +

MO1-ccl19.1 (1ng)

c2

‘k‘

20%

10%

Cc3

0%

WT C1 C2 (3 C4-C5

MOTcerT +
control  MOt-cer  MOt-ceimdt paltERY

+ MO1-cer?

contral ccl19.1 RNA £CIRARAA

Figure 6. Ccl19.1 chemokine functions as a Ccr7 ligand in axis formation. (A) Injection of cc/79.7 RNA (100-120 pg) resulted in ventralized
embryo morphology at 27 hpf (a, a’; n=30/45; lateral views with anterior to the left) and expansion of szl expression domain (b’) compared to
control (b; n=12/15). Shield stage, animal views with ventral to the left. (B) Ccl19.1 antagonizes the ability of ANB-catenin to rescue the ventralized
ich mutant phenotype. (a) V1-V4 phenotypic classes, with V4 corresponding to the strongest ich phenotype (also shown in Figure 3Ca). (b)
Frequencies of the V1-V4 phenotypic classes of ich mutant embryos injected with synthetic ANf-catenin RNA alone or co-injected with cc/79.7 RNA.
Injected amounts of RNAs in pg are shown below the graph, and the number of embryos in each group, above each bar. (C) (a) The spectrum of
dorsalized phenotypes at 27 hpf in embryos injected with 4 ng MO1-ccl19.1 classified into five categories, ranging from C4-C5 (the most severe class)
to WT-like. (b) Frequency of each phenotypic category (n =104, three experiments). (c) WISH analysis of dorsal/ventral markers in ccr719.7 morphants
compared to control blastulae. (a’-c") Expression of dorsal genes was upregulated or expanded: sphere (4 hpf), boz, n=22/31; mkp3, n=11/11; shield
(6 hpf), gsc, n=9/10. (d'-e") Expression domains of ventral genes were reduced: 30% epiboly (4.7 hpf), ved, n=10/12; shield (6 hpf), sz, n=11/12.
Animal pole views, dorsal to the right. (D) Co-injection of MO1-ccr7 and MO1-cc/19.1 leads to dorsalization in a synergistic fashion. Injection of low
doses of MO1-ccr7 (b; n=24) and MO1-ccl19.1 (c; n=26) alone did not cause dorsalized phenotypes, as observed for uninjected control embryos (a;
11 hpf, n=36). (d) Embryos co-injected with the same doses of both MOs resulted in dorsalization (n=12/23). (e) Frequency of dorsalized embryos in
a-d. (E) szl expression was expanded in cc/79.1 RNA-injected (b; 100 pg), compared to uninjected, control embryos (a) and was reduced in MO1-ccr7-
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doi:10.1371/journal.pbio.1001403.g006
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Additionally, the zebrafish genome encodes four homologs
encoding putative Ccr7 ligands, Ccll9.1, Ccll9.2, Ccll9.3, and
Ccl21/25 [65], from which three (Ccl19.1, Ccl19.2, and Ccl21/
25) are maternally expressed (SW, JS, and LSK, unpublished
data). All three predicted ligands are considered equally potent to
activate Cecr7 signaling, based on their comparable overall
similarity to the mammalian CCR7 ligands CCL19 and CCL21
[37], which can elicit different immune responses [67,68].
Belonging to the class of chemokine GPCRs, CCR7 is thought
to activate intracellular signaling only when bound to its cognate
ligands [69], resembling the well-studied ligand-receptor pair
CXCL12-CXCR#4 [31,32]. Thus, the Ccr7 overexpression phe-
notypes described here are most likely dependent on the presence
of its ligands in the early embryo. Interestingly, and similarly to
Ccr7, gain-of-function phenotypes upon overexpression in zebra-
fish embryos have been reported for several GPCRs, including
Cxcr4 [31,32] and Agtrllb [35,36]. Further studies are needed to
determine whether other putative Ccr7 ligands, in addition to
Ccll19.1 or other GPCR signaling pathways, are involved in the
regulation of axis formation. Moreover, given the dynamic
expression pattern of cer7 and ¢cl19.1 at later stages of embryo-
genesis (Figure S1B and unpublished data), it will be interesting to
ask whether they have other developmental roles.

In mammals, Ccr7 GPCR is known to elicit intracellular Ca*"
signaling as one of its downstream responses [57]. In support of the
notion of Ccr7 acting as a GPCR during axis formation, we
demonstrated that misexpression of two dominant-negative forms
of Cer7, shown in mammalian cell culture to impair its interaction
with G proteins, phenocopied the dorsalization observed in MO1-
¢cer7 injected embryos (Figure 4A). Likewise, GDP-B-S suppressed
the ventralizing effect of Ccr7 overexpression (Figure 4B). Further,
we showed that during early cleavage stages, Ccr7 and/or Ccll9.1
overexpression increased frequencies of Ca®* transients that occur
homogenously in the superficial cells of early zebrafish blastula
[20,56], while depleting Cecr7 and/or Ccll9.1 had the opposite
effect (Figures 4F and S4A,B). Our observations that treatments
with thapsigargin and 2-APB, drugs that inhibit Ca®" transients
(Figures 4F and S4A,B), elevate B-catenin levels (Figure 4E) and
promote expression of f-catenin-dependent organizer genes
(Figure S4C) suggest that Ccr7 inhibits B-catenin and axis
formation, via its GPCR activity, to promote intracellular Ca*"
transients.

The significance of Ca®" signaling in axial patterning has been
previously suggested [17,18], and Ca®" regulators have been
implicated in embryonic axis formation, including NFAT [21]
and Wnt5 [23]. Also consistent with the antagonism between
Ca®*and the Wnt/B-catenin pathway during axis formation is the
report of increased intracellular Ca®* in the ventralized maternal-
effect zebrafish mutant, kecate [70]. A number of studies using
pharmacological inhibitors have implicated a signal transduction
pathway dependent on the phosphatidylinositol (PI) cycle upstream
of Ca”" release from intracellular organelles in limiting dorsal axis
formation [56,58]. Moreover, three genes encoding IP; receptors
that mobilize intracellular Ca®" stores upon activation by IP3 are
expressed in zebrafish blastula [19], and IP; concentration increases
after 32-cell stage during axis specification [20]. Whereas GPCRs
belong to a predominant class of cell surface receptors that activate
the PI cycle, the identity of the putative GPCR(s) involved in
embryonic axis formation remained elusive. Indeed, it was proposed
that non-canonical Wnt signaling via Fz receptors, which share a
seven-pass transmembrane structure with GPCRs, promotes Ca**
release and limits axis formation in zebrafish [26,27]. However, the
requirement for non-canonical Wnts in limiting -catenin and axis
formation remains unclear [24,25]. Here, we identify Ccr7 and
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Ccll9.1, a classic chemokine receptor-ligand pair, as suitable
candidates for the hypothesized GPCR signaling pathway regulat-
ing axis formation because of their ability to promote Ca*"
transients, as well as to antagonize B-catenin and axis formation (see
Figure 7). Based on the observations that induction of dorsal
markers and increased B-catenin levels upon inhibition of Ca* by
thapsigargin suppresses the ventralization caused by ¢cr/ gain-of-
function (Figures 4D), we propose that intracellular Ca®* signaling
downstream of Ccl19.1/Cecr7 is required to inhibit B-catenin and
axis formation. However, the exact molecular mechanisms and
involvement of signals downstream of Ccl19.1/Cecr7, in addition to
Ca?*, remain to be investigated. Also, it will be important to
determine whether and/or how Ccl19.1/Ccr7 interact with Wnt5/
¥z [27], and/or possibly other GPCRs, in the negative regulation of
B-catenin by Ca”" during axis formation.

We propose a model in which Ccr7 chemokine GPCR and its
Ccll9.1 ligand, ubiquitously expressed in the zebrafish zygote,
promote intracellular Ca®" transients to limit the maternal Wnt/ -
catenin level and nuclear localization, and consequently the dorsal-
specific gene network, to ensure a correct establishment of the
embryonic axis in zebrafish (Figure 7). The formation of the
Nieuwkoop center requires the microtubule-dependent transport of
dorsal determinants that promote the nuclear localization of
maternal B-catenin [71,72]. Recent studies provided evidence for
wnt8a mRNA being one such determinant that is transported during
first cleavages from the vegetal pole towards one side of the
blastoderm margin. This asymmetric dorsal transport of wntSa
mRNA, along with broad expression of Wnt antagonists in all
blastomeres, is thought to create a dorsal to ventral gradient of
Wnt8a/ B-catenin activity [73]. Thus, only the Nieuwkoop center
accumulates a sufficient amount of nuclear -catenin to initiate the
dorsal axis specification via overcoming the global antagonizing
effect of the Ccl19.1/Cer7/Ca?" signaling, which limits the domain
of the blastula organizer and prevents formation of ectopic
organizers. A parallel for such a ubiquitous inhibitor regulating
axis formation is the function of Lnx-2b E3 ubiquitin ligase, which
limits the SMO domain by negatively regulating Boz protein
stability in the zebrafish embryo [74]. Such a role for Cccl19.1/Ccr7
signaling is consistent with the prevalence of negative control
mechanisms during early axis formation, given the dynamic nature
of the organizing centers [4].

Surprisingly, ich mutants having reduced levels of B-catenin-2
[16] appear to be highly sensitive to modulation of Ccr7 and Ca**
signaling. Whereas WT' embryos injected with MO1-¢cr7 largely
manifest enlarged SMO and only infrequently form ectopic
organizers (Figure 1C), ich/f-catenin? mutants injected with MO1-
ccr7 frequently form partial double axes (Figure 2A). It is
conceivable that in WT embryos, the Wnt8-dependent B-catenin
gradient [73] inhibits formation of additional organizing centers,
as is well established for the SMO during late blastula and gastrula
stages [4]. Whereas, in ich/f-catenin-2 mutants, such inhibitory
activity is absent, allowing for the formation of ectopic organizers.
Whether such negative interaction exists, and its molecular nature,
remains to be determined. Alternatively, «/k mutants have defects
in addition to reduced levels of B-catenin protein.

One key question concerns the underlying molecular mechanism by
which Cer7-induced Ca®" transients regulate Wnt/B-catenin activity.
We provided several lines of evidence that the Cel19.1/Cer7/Ca®*
pathway inhibits posttranscriptionally the level and nuclear localization
of the endogenous maternal B-catenin (Figure 2D and 2E) as well as
exogenous ANB-catenin that is resistant to Gsk3B-dependent protea-
some degradation (Figure 3D and 3E). However, because Lactacystin
partially suppressed Ccr7-dependent downregulation of B-catenin
(Figure S3), Cer7 signaling may reduce the level of B-catenin by
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A Cel19/Cer7

Ca?* transients «
’l\:

el > Ca™

B-catenin

ii
— Gsk3f

Figure 7. Model of maternal Ccr7 signaling during axis determination. (A) Whole-embryo view: maternal Ccl19/Ccr7 functions in early
zebrafish blastula (depicted here as 256- to 512-cell stage) as a chemokine ligand/GPCR pair to promote Ca*signaling (shown in green), exerting a
tonic inhibition on the maternal Wnt/B-catenin activity in a Gsk3p-independent fashion, allowing nuclear accumulation of B-catenin only at the dorsal
side (shown in red), where Wnt8 activity is high (shown in dark red). (B) Single-cell view: ligand binding (Ccl19 shown here) activates Ccr7, which
induces Ca" release through heterotrimeric G proteins to inhibit the protein level of B-catenin and its nuclear localization, thus limiting the size of

the dorsal blastula and later gastrula organizer.
doi:10.1371/journal.pbio.1001403.9g007

promoting its degradation and indirectly inhibit its nuclear localization.
It will be particularly important to determine whether Cer7/calcium
activates a negative regulator of B-catenin in a cell-autonomous
manner or Ca®" transients in superficial blastomeres stimulate a non-
cell-autonomous signal that inhibits B-catenin. Several reports hint at
potential mechanisms via which Ca”" could inhibit B-catenin during
axis formation. It has been shown in mammalian cell culture that the
Wnt5/Ca?" pathway antagonizes the canonical Wnt pathway by
promoting Gsk3B-independent B-catenin degradation that is Siah2-
and APC-dependent [75]. In another report, activated Goq pathway
inhibited B-catenin stimulated cell proliferation in SW480 cells via
triggering a Ca®"-dependent nuclear export and a calpain-mediated
degradation of B-catenin in the cytoplasm [76]. The nucleocytoplasmic
shuttling of B-catenin is under precise control during embryogenesis,
and multiple regulators, including Chibby [77] and JNK [78], have
been implicated in this process. Moreover, Goq has been shown to
negatively regulate the Wnt/B-catenin pathway and dorsal develop-
ment in Xenopus embryos [79]. Thus, it is tempting to speculate that,
upon Ccll19.1 binding, activated Ccr7 receptors engage Gogq (or Goti)
and initiate the PI cycle to mobilize the intracellular Ca®*, which in
turn results in the nuclear export of B-catenin and its subsequent
degradation.

One important question is whether the negative regulation of -
catenin by Ccll19.1/Ccr7 described herein is conserved in other
vertebrates during axis formation or other processes. Whereas the
involvement of Wnt/f-catenin activity during axis formation
appears to be conserved between frog, fish, and mouse, the specific
ligands involved differ. For example, wnt/l was proposed to
positively regulate B-catenin during axis formation in Xenopus [80],
whereas recent studies implicate wntSa in the zebrafish axis
formation [73], and the identity of Wnt ligand regulating axis
formation in mammalian embryos remains elusive. Given the
proposed involvement of Goq in negative regulation of the Wnt/
B-catenin pathway and dorsal development in Xenopus embryos
[79], it 1s tempting to speculate that the role of chemokine GPCRs
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as negative regulators of -catenin during embryonic axis formation
is conserved among vertebrates, while the identity of specific
receptors and ligands involved may differ between different species,
with the murine Ccr7 being dispensable for this process [81].

Upregulated Wnt/B-catenin pathway often leads to overproli-
ferative cells/tissues that eventually become cancerous, particularly
in colorectal tumorigenesis [82]. The genetic interaction between
Ccl19/Cecr7 and Wnt/B-catenin pathways we describe here may
provide a new insight into the molecular basis of carcinogenesis. We
speculate that a reduction of CCR7 (or its ligands, CCL19 and
CCL21) expression in some tissues permits higher B-catenin activity
that is oncogenic. Indeed, several recent studies of colorectal
adenoma tissues report reduced RNA or protein expression levels of
CCR?7 or its ligands, compared to surrounding normal tissues [83—
85]. Additionally, injecting synthetic human CCR7 RNA ventralized
zebrafish embryos (Figure S6), suggesting a conserved activity of p-
catenin inhibition. Therefore, future studies in colorectal cancer
tissues are warranted and may shed new light on the involvement of
CCR?7 signaling in colorectal tumorigenesis or other cancer types
that depend on the Wnt/ B-catenin pathway. CCL19/CCR7 would
afford a new avenue to target Wnt/-catenin signaling, given the
highly drugable nature of chemokine receptors.

Given the prominent roles of the Wnt/ B-catenin pathway in stem
cell biology and embryonic stem (ES) cell differentiation [86], it is
intriguing that Ccr7 is expressed in mouse ES cells, and its
expression is downregulated during embryoid body differentiation
[87]. Furthermore, the PGE2/Wnt interaction regulates stem cell
development and tissue regeneration [88], while in dendritic cells,
PGE2 acts as a potent inhibitor of CCL19 expression [89]. Hence, it
1s plausible that Ccl19/Ccr7, or more generally chemokine GPCR
signaling, is also involved in embryonic stem cell differentiation.

In conclusion, our work delineates a novel, Gsk3p-independent
negative control mechanism of B-catenin and implicates Cer7 and
its Ccll19.1 ligand as a long-hypothesized GPCR signaling pathway
regulating vertebrate axis formation. Future studies are needed to
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elucidate the molecular interactions between Ccr7 and the known
regulators of Wnt/ B-catenin pathway in developmental processes,
homeostasis, and disease.

Materials and Methods

Zebrafish Strains and Maintenance

Embryos were obtained from natural matings and staged
according to morphology as described [90]. With the exception of
ich”" (a gift from Dr. Gianfranco Bellipanni, Temple University)
[7], all experiments were performed using wild-type (AB¥) fish.

Embryo Injection and Plasmid Construction

Zebrafish zygotes were injected with antisense morpholino
oligonucleotides (MOs) or synthetic RNA at the one-cell stage within
10 min post-fertilization. The injected MOs included MO1-cer7 (5'-
TTGCAGATGACTTTCTGATTGAACG-3") and MOl1-¢cl19.1
(5'-TCTGGAGAAGCTAGAAGAGTGTTGA-3'), control 5 mis-
match MO-¢er7 (5'-TTCCACATCACTTTGTCATTGAACG-3'),
and control 5 mismatch MO-¢cl19.1 (5'-TCTGCACAAGCTA-
CAAGACTCTTGA-3'). Synthetic RNA used included f-catenin,
ANP-catenin-GFP [52], bozozok/dharma (boz) [41,47], ccr7 (GenBank:
BC142913.1), and ¢cl19.1 (GenBank: BC122386.1). The C-terminal
deletion of Cer7 (aa 1-330; DN1-Cecr7) was generated by PCR using
c¢DNA encoding full-length Cecr7 (aa 1-372) as a template. The Ccr7-
DNY mutant (DN2-Ccr7) was generated by site-directed mutagenesis
on aa 160 (R to N) using pCS2-Cer7 as a template [55]. All RNA
constructs were cloned in the p(iS2 vector and synthesized with the in
vitro transcription kit (INMESSAGE mMACHINE; Ambion).

Pharmacological Treatments

Embryos were incubated in 0.3 M LiCl in embryo medium at
the 128-cell stage for 10 min, then rinsed three times in 0.3 X
Danicau [54], and cultured until the desired stage. For Ca®*
inhibitors, embryos were treated with 4 uM thapsigargin (Sigma)
from 32-64-cell-stage for 45 min or with 50 uM 2-APB (2-
Aminoethyldiphenyl borinate; Sigma) from 256-cell-stage for
45 min and then washed three times with 0.3x Danieau,
according to Westfall et al. [58] and Ma et al. [56], respectively.
For Proteasome inhibition, the dechorionated embryos were
incubated in 10 uM Lactacystin (Cayman) from 2-cell stage to
4 hpf [91]. Control embryos were treated with 0.1% DMSO. The
GPCR inhibitor, GDP-B-S (Calbiochem), was injected at the stock
concentration (20 uM) according to Ma et al. [56].

Whole-Mount Immunohistochemistry and in situ
Hybridization

Embryos were collected at the indicated stage and fixed
overnight in 4% paraformaldehyde in PBS, permeabilized in
0.5% Triton in PBS for 30-60 min at room temperature, and
labeled with anti-B-catenin mAb (1/250; Sigma T6557) overnight
at 4°C. Whole-mount in situ hybridization (WISH) was performed
as described [92]. Probes used are listed in Text S1.

Western Blot Analysis

Embryos were manually deyolked in 0.3 X Danieau solution and
homogenized in RIPA buffer at 4 h post-fertilization (hpf) to extract
proteins, which were then separated by SDS-PAGE and analyzed
by western blotting. The following antibodies were used: mouse
anti-B-catenin (Sigma C7207; 1/1,000), rabbit anti-GFP (Torrey
Pines TP401; 1/1,000), mouse anti-actin (Sigma A5441; 1/2,000),
anti-mouse IgG IRdye700DX conjugated (Rockland 610-730-124;
1/5,000), and anti-rabbit IgG IRdye800DX conjugated (Rockland
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611-132-122; 1/5,000). The signal intensity was measured using
Odyssey Infrared Imaging System.

Quantitative RT-PCR (qRT-PCR)

RNA was isolated with Trizol (Invitrogen), followed by DNase
treatment (Ambion). cDNA synthesis and gRT-PCR using SYBR
green were performed according to the manufacturer’s protocol
(Biorad). Three samples at indicated stages were collected and
reactions were performed at least twice on each sample to
determine ACyp and translated into relative fold expression
(estimation of 1.6ACT). Results are shown as relative fold =
SEM and subjected to Student’s ¢ test analysis to determine
statistical significance ($<<0.05). Primers used are listed in Text S1.

Time-Lapse Ca*" Imaging

Protocols were adapted from Freisinger et al. [93] and Ma et al.
[56]. Zygotes were injected at the one-cell stage with 1-2 nL of the
mixture of Calcium Green-1 (CaG) dextran and Tetramethyl-
Rhodamine dextran (10 Kd, Invitrogen; 0.1% w/v, 0.01%,
respectively, in 120 mM KCI, 20 mM HEPES pH 7.5) and
maintained at 28.5°C in the dark. At the 128-cell stage (2.25 hpf),
manually dechorionated embryos were examined with the Zeiss
510 META confocal system or the Quorum spinning disk confocal
inverted microscope. The Rhodamine dextran was used to
monitor changes in fluorescence that occur independently of
changes in Ca®' concentration. A timed series of images (one
image per 8-10 s), focusing on the superficial layer, was collected
for 20 min, initiating between the 256- to 512-cell stages (2.5 to
2.75 hpf). Transient Ca®* release peaks were analyzed frame-by-
frame from Volocity software (Perkin Elmer) ratiometric images.
Alternatively, changes in brightness were quantified from raw
CaG and Rhodamine images separately. In Excel, we calculated
the change in CaG intensity [average pixel intensity CaG (time2/
time1)] normalized to the change in the Ca®" insensitive channel
[average pixel intensity Rhodamine (time2/timel)]. Cells mani-
festing a 5% or greater change were counted as calcium transients.
Ratiometric images were made using Metamorph “Ratio Images”
function (Molecular Devices).

Supporting Information

Figure S1 Zcbrafish ccr7 gene sequence and expression, MO1-
cer7 efficiency, and specificity tests and expression of region-
specific markers in c¢er7 morphants. (A) Multiple sequence
alignments of selected vertebrate Cer7 proteins. Mm, Mus musculus;
Dr, Danio rerio; X1, Xenopus laevis; Hs, Homo sapiens. Alignments were
carried out using the MultAlin web-based software. (B) Spatio-
temporal expression pattern of ¢cr7 revealed by WISH. ccr7 is
expressed maternally (8-cell stage, 1.25 hpf) (a), and its transcripts
are uniformly distributed until sphere stage (4 hpf) (b). At dome
stage (4.5 hpf), a slight asymmetry in ccr7 expression is observed
(c). At shield stage, ccr7 RNA is enriched dorsally (d—e). Lateral
views, animal to the top (a, b, d), animal views (c, ¢). Scale bars in
all panels, 200 um. (G) Embryos injected with MO1-¢ccr7 (20 ng)
exhibited at 11 hpf elongated shape typical of dorsalization;
penetrance is shown in the bottom panel. (D) Fluorescent image of
zebrafish blastulae at 5.5 hpf injected at 1-cell stage with synthetic
RNA encoding ccr7 5' UTR-¢gfp (a) and co-injected with 10 ng of
MO1-cer7 (b). MO1-cer7 inhibited EGFP expression (n=24/24)
(b). Lateral views. (E) Expression of sz/ in control (a), MO1-ccr7-
injected (c, 10 ng; szl expression reduced in 69%, n=35), and
MO1-¢ccr7 and cer7 RNA (100 pg) co-injected embryos (c, sz/
expression reduced in 26%, n=50). (F) Expression of dorsal and
ventral markers in control uninjected embryos (a~h) and embryos
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injected with five base mis-matched control morpholino for ¢cr7 (5-
mm c¢cr7 MO, 20 ng) (a’~h’) revealed by WISH: a, n=20/20; a’,
n=22/22;b,n=15/21;b’', n=14/21;c, n=22/22; ¢', n=21/21;
d, n=20/20;d', n=15/15; e, n=18/18; ¢', n=17/17; f, n=19/
19; f', n=18/18; g, n=19/19; g', n=16/16; h, n=19/19; h',
n=16/16. Animal views with dorsal to the right, when the dorsal
side 1s recognizable. (G) Expression of dorsal and ventral markers
in control uninjected embryos (a, b, ¢) and ccr7 morphants (a’, ¢,
d’) revealed by WISH. Note expanded expression of sg¢ at 4 hpf (a,
a’, 83%, n=12); hhex at 6 hpf (b, b’, 80%, n=20), and reduced
expression of vent a 4.7 hpf (c, ¢/, 71%, n= 14). Animal views with
dorsal to the right. (d) Quantification of the relative expression
levels of boz, mkp3, fof3, and bmp2b at 3.3 and 4 hpf. See text for
details. * p<<0.05 (Student’s t-test). (H) Expression of dorsal and
ventral markers in control uninjected embryos (a~h) and embryos
injected with ¢c77 RNA (200 pg) (a'-h’) revealed by WISH: a,
n=20/20;a’,n=10/16;b, n=15/21;b", n=12/15; c, n=22/22;
¢, n=10/14;d, n=20/20;d’, n=10/15; e, n=18/18; ¢', n=12/
15;5,n=19/19;f,n=9/13; g, n=19/19; ¢’, n=9/13; h, n=19/
19; h', n=9/12. Animal views with dorsal to the right, when the
dorsal side is recognizable. Arrowheads mark the expansion of
ventral expression domain of zox (e and e’).

(TTEF)

Figure 82 Ccr7 acts upstream of Boz and proximally to -
catenin. (A) The dorsalized phenotypes caused by Boz overex-
pression (50 pg; n=15/15) (b) compared to control embryos (a),
could not be suppressed by Ccr7 overexpression (150 pg; n=16/
16) (c). Lateral views of embryos at 30 hpf. (B) The expansion of gsc
expression induced by injection of boz RNA (b, 50 pg; n=20/20),
compared to control (a), remained unchanged in embryos co-
injected with ¢cr7 RNA (c, 150 pg, n=18/18). (C) Penetrance of
the strongly ventralized «h mutant phenotype (a; 100%, n=25)
was reduced by injection of synthetic RNA encoding B-catenin (b;
50 pg, 6%, n=15). This rescue was inhibited by co-injection of
cer7 RNA (¢, ¢', 150 pg, strongly ventralized phenotype 81%,
n=21). Lateral views at 27 hpf. (D) Co-injection of MO1-cer7
enhanced the penetrance and expressivity of the dorsalized
phenotypes of WT 27 hpf embryos injected with RNA encoding
AN-B-catenin. (E) Cer7 gain-of-function decreased both levels of
endogenous P-catenin  and ectopic  B-catenin-GFP. Western
blotting of B-catenin and GFP protein from uninjected control,
p-catenin-GFP RNA (10 pg) injected, or [-catenin-GFP RNA
(10 pg)/cer7 RNA (200 pg) co-injected embryos at 4 hpf. Graphs
below show the relative protein level (signal intensity) quantified
from three separate immunoblots. * p<<0.05.

(TIF)

Figure S3 LEffect of Lactacystin on Gsk3p and Cecr7-dependent
B-catenin downregulation. Confocal microscope images of 4 hpf
stage embryos injected with B-catenin-GFP RNA (10 pg) (a—')
that were injected with RNA encoding Gsk3B (200 pg) (b, b’) or
Cer7 (200 pg) (c, ¢') and treated with Lactacystin (a’, b’, ¢).
Animal views.

(TIF)

Figure $4 Effects of ¢cr7 and thapsigargin on Ca®" transients
in superficial blastomeres. (A) Examples of Ca®" transients at
about 256-cell stage in ratiometric images (minimum calcium
ratio is 0, maximum is 10). (a) In W'T embryo, arrowheads point
out increased Ca?" level at near time points (still images). Note
the rapid changes of Ca”" peaks (compare a to b, which is 35 s
later). (¢) The average pixel intensity for the Ca?" sensitive dye,
Calcium Green-1 dextran (green) is shown for the cells
(numbered arrowheads) and for the Ca®* insensitive Tetra-
methyl Rhodamine dextran (red and black) over a 400 s/50
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frame time period. (d, e, f) In MO1-¢cr7/MO1-¢¢l19.1-injected
embryos, one cell exhibits a Ca*" transient at 35 s interval. (g, h,
i) In cer7/ccl19.1 RNA-injected embryo, one cell showed Ca®*
transient over 30 s interval. (j, k, 1) In thapsigargin-treated
embryos no Ca®" transients were observed over 400 s interval.
(B) Number of Ca®" transients normalized to mean for WT.
Injection of MO1-¢cr7 and ¢cr7 RNA were normalized to W'T'1
group. Injection of MOI1-ccr7/MO1-ccl19.1 and cer7/ccll9.1
RNA were normalized to WT2 group. * p<<0.05. (C) mkp3
expression at 4 hpf in WT embryos (a) treated with 4 uM
thapsigargin (b) and 50 pM 2-APB (c). (D) Images of control
embryos (a) and embryos treated at cleavage stages with
thapsigargin (b) or 2APB (c) at 30 hpf.

(TTF)

Figure S5 Ccll9.1 overexpression and test of MOI-¢cl19.1
specificity. (A) Dose-dependent ventralization of WT embryos
mjected with ¢c/19.7 RNA (100-300 pg). V1-V3 classes are
defined as in Figure 1B. (B) Ccl19.1 morphants exhibited at 11 hpf
dorsalized elongated shape (b), which was suppressed by co-
mjection of ¢c/19.1 RNA lacking the MO1-¢¢c/19.1 target site (c, d).
(C) Expression of dorsal and ventral markers in control uninjected
embryos (a—h) and embryos injected with a five base mis-matched
control morpholino for ¢l79.1 (5-mm ¢cl19.1 MO, 4 ng) (a'~h")
revealed by WISH: a, n=20/20; a’, n=16/16; b, n=15/21; b’,
n=9/14; ¢, n=22/22; c', n=17/17; d, n=20/20; d’, n=15/16;
e, n=18/18; ¢', n=19/19; f, n=19/19; f', n=15/15; g, n=19/
19; ¢', n=15/16; h, n=19/19; h', n=15/15. Animal views with
dorsal to the right, when the dorsal side is recognizable. (D)
Expression of dorsal and ventral markers in control uninjected
embryos (a—h) and embryos injected with ¢c/79.7 RNA (200 pg)
(a’~h’) revealed by WISH: a, n=20/20; a’, n=10/14; b, n=15/
21; b', n=10/14; ¢, n=22/22; ¢', n=10/14; d, n=20/20; d’,
n=9/17;¢,n=18/18; ¢’, n=13/17; f, n=19/19; ', n=9/15; g,
n=19/19; ¢, n=12/15; h, n=19/19; h’, n=9/14. Animal views
with dorsal to the right, when the dorsal side is recognizable.
(TIF)

Figure S6 Overexpression of human CCR7 phenocopies
ventralization caused by zebrafish Ccr7 gain-of-function. (A)
Morphology of control (a) and human CCR7 RNA-injected
(200 pg) embryos (b, b’; ventralized phenotype seen in n=38/25).
Lateral views with anterior to the left. (B) Expression of sz/ in
control and human CCR7 overexpressing gastrulae at shield stage,
6 hpf (200 pg, reduced expression seen in n=10/15). Animal
views with dorsal to the right.

(TIF)

Movie S1 An example of time-lapse calcium imaging of a
control embryo. Actual time frame, 5 min.

MOV)

Movie 82 An example of time-lapse calcium imaging of an
embryo overexpressing Cecr7 RNA. Actual time frame, 8 min.

MOV)

Movie 83 An example of time-lapse calcium imaging of an
embryo injected with MO1-¢cr7 (10 ng). Actual time frame, 4 min.
MOV)

Text S1 gRT-PCR primer sequences and in situ probes used in
this study.

DOC)

Acknowledgments

We would like to thank Drs. Mariana Beltcheva, Joshua Gamse, Kelly

Monk, and Erez Raz for comments on the manuscript; Linda Lobos for

October 2012 | Volume 10 | Issue 10 | €1001403



editing; and LSK lab members for helpful discussions and technical
support. We also thank Dr. Yu-Ping Yang at Vanderbilt University for her
generous help with qRT-PCR and illustrations and Drs. Colin Nichols and
Krzysztof Hyrc from the CIMED at Washington University School of
Medicine for advice on calcium imaging. We acknowledge the SC
Vanderbilt University and WUSM Fish Facility Research Assistants for
excellent fish care.

References

1.

20.

21.

22.

23.

24.

26.

27.

De Robertis EM, Kuroda H (2004) Dorsal-ventral patterning and neural
induction in Xenopus embryos. Annu Rev Cell Dev Biol 20: 285-308.

. Langdon YG, Mullins MC (2011) Maternal and zygotic control of zebrafish

dorsoventral axial patterning. Annu Rev Genet 45: 357-377.

. Moon RT, Kimelman D (1998) From cortical rotation to organizer gene

expression: toward a molecular explanation of axis specification in Xenopus.

Bioessays 20: 536-545.

. De Robertis EM (2006) Spemann’s organizer and self-regulation in amphibian

embryos. Nat Rev Mol Cell Biol 7: 296-302.

. Dorsky RI, Sheldahl LC, Moon RT (2002) A transgenic Lefl/beta-catenin-

dependent reporter is expressed in spatially restricted domains throughout
zebrafish development. Dev Biol 241: 229-237.

. White JA, Heasman J (2008) Maternal control of pattern formation in Xenopus

laevis. J Exp Zool B Mol Dev Evol 310: 73-84.

. Kelly C, Chin AJ, Leatherman JL, Kozlowski DJ, Weinberg ES (2000)

Maternally controlled (beta)-catenin-mediated signaling is required for organizer
formation in the zebrafish. Development 127: 3899-3911.

. Weaver C, Kimelman D (2004) Move it or lose it: axis specification in Xenopus.

Development 131: 3491-3499.

. MacDonald BT, Tamai K, He X (2009) Wnt/beta-catenin signaling:

components, mechanisms, and diseases. Dev Cell 17: 9-26.

. Nojima H, Shimizu T, Kim CH, Yabe T, Bac YK, et al. (2004) Genetic

evidence for involvement of maternally derived Wnt canonical signaling in
dorsal determination in zebrafish. Mech Dev 121: 371-386.

. Van Raay 1], Coftey RJ, Solnica-Krezel L (2007) Zebrafish Nakedl and Naked2

antagonize both canonical and non-canonical Wnt signaling. Dev Biol 309: 151-168.
Glinka A, Wu W, Delius H, Monaghan AP, Blumenstock C, et al. (1998)
Dickkopf-1 is a member of a new family of secreted proteins and functions in
head induction. Nature 391: 357-362.

Seiliez I, Thisse B, Thisse C (2006) FoxA3 and goosecoid promote anterior
neural fate through inhibition of Wnt8a activity before the onset of gastrulation.
Dev Biol 290: 152-163.

. Erter CE, Wilm TP, Basler N, Wright CV, Solnica-Krezel L (2001) Wnt8 is

required in lateral mesendodermal precursors for neural posteriorization in vivo.

Development 128: 3571-3583.

. Lekven AC, Thorpe CJ, Waxman JS, Moon RT (2001) Zebrafish wnt8 encodes

two wnt8 proteins on a bicistronic transcript and is required for mesoderm and
neurectoderm patterning. Dev Cell 1: 103-114.

. Bellipanni G, Varga M, Maegawa S, Imai Y, Kelly C, et al. (2006) Essential and

opposing roles of zebrafish beta-catenins in the formation of dorsal axial
structures and neurectoderm. Development 133: 1299-1309.

Slusarski DC, Pelegri I (2007) Calcium signaling in vertebrate embryonic
patterning and morphogenesis. Dev Biol 307: 1-13.

. Freisinger CM, Schneider I, Westfall TA, Slusarski DC (2008) Calcium

dynamics integrated into signalling pathways that influence vertebrate axial
patterning. Philos Trans R Soc Lond B Biol Sci 363: 1377-1385.

. Ashworth R, Devogelaere B, Fabes J, Tunwell RE, Koh KR, et al. (2007)

Molecular and functional characterization of inositol trisphosphate receptors
during early zebrafish development. J Biol Chem 282: 13984-13993.
Reinhard E, Yokoe H, Niebling KR, Allbritton NL, Kuhn MA, et al. (1995)
Localized calcium signals in early zebrafish development. Dev Biol 170: 50-61.
Saneyoshi T, Kume S, Amasaki Y, Mikoshiba K (2002) The Wnt/calcium
pathway activates NF-AT and promotes ventral cell fate in Xenopus embryos.
Nature 417: 295-299.

Slusarski DC, Yang-Snyder J, Busa WB, Moon RT (1997) Modulation of
embryonic intracellular Ca2+ signaling by Wnt-5A. Dev Biol 182: 114-120.
Torres MA, Yang-Snyder JA, Purcell SM, DeMarais AA, McGrew LL, et al.
(1996) Activities of the Wnt-1 class of secreted signaling factors are antagonized
by the Wnt-5A class and by a dominant negative cadherin in early Xenopus
development. J Cell Biol 133: 1123-1137.

Westfall TA, Brimeyer R, Twedt J, Gladon J, Olberding A, et al. (2003) Wnt-5/
pipetail functions in vertebrate axis formation as a negative regulator of Wnt/

beta-catenin activity. J Cell Biol 162: 889-898.

. Ciruna B, Jenny A, Lee D, Mlodzik M, Schier AF (2006) Planar cell polarity

signalling couples cell division and morphogenesis during neurulation. Nature
439: 220-224.

Ahumada A, Slusarski DC, Liu X, Moon RT, Malbon CC, et al. (2002)
Signaling of rat Frizzled-2 through phosphodiesterase and cyclic GMP. Science
298: 2006-2010.

Slusarski DC, Corces VG, Moon RT (1997) Interaction of Wnt and a Frizzled
homologue triggers G-protein-linked phosphatidylinositol signaling. Nature 390:
410-413.

PLOS Biology | www.plosbiology.org

Chemokine GPCR Signaling Inhibits B-Catenin

Author Contributions

The author(s) have made the following declarations about their
contributions: Conceived and designed the experiments: SYW JS DSS
LSK. Performed the experiments: SYW JS DSS. Analyzed the data: SYW
JS DSS. Contributed reagents/materials/analysis tools: SYW JS DSS.
Wrote the paper: SYW LSK.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

44.

46.

47.

48.

50.

51.

52.

53.

. Rosenbaum DM, Rasmussen SG, Kobilka BK (2009) The structure and

function of G-protein-coupled receptors. Nature 459: 356-363.

. Dorsam RT, Gutkind JS (2007) G-protein-coupled receptors and cancer. Nat

Rev Cancer 7: 79-94.

. Malbon CC (2005) G proteins in development. Nat Rev Mol Cell Biol 6: 689

701.

. Doitsidou M, Reichman-Fried M, Stebler J, Koprunner M, Dorries J, et al.

(2002) Guidance of primordial germ cell migration by the chemokine SDF-1.
Cell 111: 647-659.

Knaut H, Werz C, Geisler R, Nusslein-Volhard C (2003) A zebrafish homologue
of the chemokine receptor Cxcr4 is a germ-cell guidance receptor. Nature 421:
279-282.

Mizoguchi T, Verkade H, Heath JK, Kuroiwa A, Kikuchi Y (2008) Sdf1/Cxcr4
signaling controls the dorsal migration of endodermal cells during zebrafish
gastrulation. Development 135: 2521-2529.

Nair S, Schilling TF (2008) Chemokine signaling controls endodermal migration
during zebrafish gastrulation. Science 322: 89-92.

. Zeng XX, Wilm TP, Sepich DS, Solnica-Krezel L (2007) Apelin and its receptor

control heart field formation during zebrafish gastrulation. Dev Cell 12: 391~
402.

Scott IC, Masri B, D’Amico LA, Jin SW, Jungblut B, et al. (2007) The g protein-
coupled receptor agtrllb regulates early development of myocardial progenitors.
Dev Cell 12: 403-413.

Forster R, Davalos-Misslitz AC, Rot A (2008) CCR7 and its ligands: balancing
immunity and tolerance. Nat Rev Immunol 8: 362-371.

Liu Y, Chang MX, Wu SG, Nie P (2009) Characterization of C-C chemokine
receptor subfamily in teleost fish. Mol Immunol 46: 498-504.

Mullins MC, Hammerschmidt M, Kane DA, Odenthal J, Brand M, et al. (1996)
Genes establishing dorsoventral pattern formation in the zebrafish embryo: the
ventral specifying genes. Development 123: 81-93.

Kishimoto Y, Lee KH, Zon L, Hammerschmidt M, Schulte-Merker S (1997)
The molecular nature of zebrafish swirl: BMP2 function is essential during early
dorsoventral patterning. Development 124: 4457-4466.

Fekany K, Yamanaka Y, Leung T, Sirotkin HI, Topczewski J, et al. (1999) The
zebrafish bozozok locus encodes Dharma, a homeodomain protein essential for
induction of gastrula organizer and dorsoanterior embryonic structures.
Development 126: 1427-1438.

Shimizu T, Yamanaka Y, Ryu SL, Hashimoto H, Yabe T, et al. (2000)
Cooperative roles of Bozozok/Dharma and Nodal-related proteins in the
formation of the dorsal organizer in zebrafish. Mech Dev 91: 293-303.
Sirotkin HI, Dougan ST, Schier AF, Talbot WS (2000) bozozok and squint act
in parallel to specify dorsal mesoderm and anterior neuroectoderm in zebrafish.
Development 127: 2583-2592.

Tsang M, Maegawa S, Kiang A, Habas R, Weinberg E, et al. (2004) A role for
MKP3 in axial patterning of the zebrafish embryo. Development 131, 2769—
2779.

. Kane DA, Kimmel CB (1993) The zebrafish midblastula transition. Develop-

ment 119: 447-456.

Koos DS, Ho RK (1998) The nicuwkoid gene characterizes and mediates a
Nieuwkoop-center-like activity in the zebrafish. Curr Biol 8: 1199-1206.
Yamanaka Y, Mizuno T, Sasai Y, Kishi M, Takeda H, et al. (1998) A novel
homeobox gene, dharma, can induce the organizer in a non-cell-autonomous
manner. Genes Dev 12: 2345-2353.

Schneider S, Steinbeisser H, Warga RM, Hausen P (1996) Beta-catenin
translocation into nuclei demarcates the dorsalizing centers in frog and fish
embryos. Mech Dev 57: 191-198.

9. Dougan ST, Warga RM, Kane DA, Schier AF, Talbot WS (2003) The role of

the zebrafish nodal-related genes squint and cyclops in patterning of
mesendoderm. Development 130: 1837-1851.

Kelly GM, Erezyilmaz DF, Moon RT (1995) Induction of a secondary
embryonic axis in zebrafish occurs following the overexpression of beta-catenin.
Mech Dev 53: 261-273.

Peifer M, Pai LM, Casey M (1994) Phosphorylation of the Drosophila adherens
junction protein Armadillo: roles for wingless signal and zeste-white 3 kinase.
Dev Biol 166: 543-556.

Yost C, Torres M, Miller JR, Huang E, Kimelman D, et al. (1996) The axis-
inducing activity, stability, and subcellular distribution of beta-catenin is
regulated in Xenopus embryos by glycogen synthase kinase 3. Genes Dev 10:
1443-1454.

Klein PS, Melton DA (1996) A molecular mechanism for the effect of lithium on
development. Proc Natl Acad Sci U S A 93: 8455-8459.

October 2012 | Volume 10 | Issue 10 | €1001403



54.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

72.

Stachel SE, Grunwald DJ, Myers PZ (1993) Lithium perturbation and goosecoid
expression identify a dorsal specification pathway in the pregastrula zebrafish.
Development 117: 1261-1274.

. Otero C, Eisele PS, Schaeuble K, Groettrup M, Legler DF (2008) Distinct motifs

in the chemokine receptor CCR7 regulate signal transduction, receptor

trafficking and chemotaxis. J Cell Sci 121: 2759-2767.

. Ma LH, Webb SE, Chan CM, Zhang J, Miller AL (2009) Establishment of a

transitory dorsal-biased window of localized Ca2+ signaling in the superficial
epithelium following the mid-blastula transition in zebrafish embryos. Dev Biol
327: 143-157.
Sanchez-Sanchez N, Riol-Blanco L, Rodriguez-Fernandez JL (2006) The
multiple personalities of the chemokine receptor CCR7 in dendritic cells.
J Immunol 176: 5153-5159.
Westfall TA, Hjertos B, Slusarski DC (2003) Requirement for intracellular
calcium modulation in zebrafish dorsal-ventral patterning. Dev Biol 259: 380~
391.
Chang DC, Meng C (1995) A localized elevation of cytosolic free calcium is
associated with cytokinesis in the zebrafish embryo. J Cell Biol 131: 1539-1545.
Zhang J, Webb SE, Ma LH, Chan CM, Miller AL (2011) Necessary role for
intracellular Ca2+ transients in initiating the apical-basolateral thinning of
enveloping layer cells during the early blastula period of zebrafish development.
Dev Growth Differ 53: 679-696.
Cheng JC, Miller AL, Webb SE (2004) Organization and function of
microfilaments during late epiboly in zebrafish embryos. Dev Dyn 231: 313~
323.
Holloway BA, Gomez de la Torre Canny S, Ye Y, Slusarski DC, Freisinger CM,
et al. (2009) A novel role for MAPKAPK2 in morphogenesis during zebrafish
development. PLoS Genet 5: ¢1000413. doi:10.1371/journal.pgen.1000413
Lam PY, Webb SE, Leclerc C, Moreau M, Miller AL (2009) Inhibition of stored
a2+ release disrupts convergence-related cell movements in the lateral
intermediate mesoderm resulting in abnormal positioning and morphology of
the pronephric anlagen in intact zebrafish embryos. Dev Growth Differ 51: 429
442.
Macgawa S, Varga M, Weinberg ES (2006) FGF signaling is required for B-
catenin-mediated induction of the zebrafish organizer. Development 133: 3265

3276.

. Nomiyama H, Hieshima K, Osada N, Kato-Unoki Y, Otsuka-Ono K, et al.

(2008) Extensive expansion and diversification of the chemokine gene family in
zebrafish: identification of a novel chemokine subfamily CX. BMC Genomics 9:
222.

Schier AF, Talbot WS (2005) Molecular genetics of axis formation in zebrafish.
Annu Rev Genet 39: 561-613.

Zidar DA, Violin JD, Whalen EJ, Lefkowitz RJ (2009) Selective engagement of
G protein coupled receptor kinases (GRKs) encodes distinct functions of biased
ligands. Proc Natl Acad Sci U S A 106: 9649-9654.

Haessler U, Pisano M, Wu M, Swartz MA (2011) Dendritic cell chemotaxis in
3D under defined chemokine gradients reveals differential response to ligands
CCL21 and CCL19. Proc Natl Acad Sci U S A 108: 5614-5619.

Allen SJ, Crown SE, Handel TM (2007) Chemokine: receptor structure,
interactions, and antagonism. Annu Rev Immunol 25: 787-820.

Lyman Gingerich J, Westfall TA, Slusarski DC, Pelegri F (2005) hecate, a
zebrafish maternal effect gene, affects dorsal organizer induction and
intracellular calcium transient frequency. Dev Biol 286: 427-439.

. Jesuthasan S, Stahle U (1997) Dynamic microtubules and specification of the

zebrafish embryonic axis. Curr Biol 7: 31-42.

Nojima H, Rothhamel S, Shimizu T, Kim CH, Yonemura S, et al. (2010)
Syntabulin, a motor protein linker, controls dorsal determination. Development
137: 923-933.

PLOS Biology | www.plosbiology.org

16

76.

77.

78.

79.

80.

81.

82.

83.

84.

86.
87.

90.

91.

92.

Chemokine GPCR Signaling Inhibits B-Catenin

. Lu FI, Thisse C, Thisse B (2011) Identification and mechanism of regulation of

the zebrafish dorsal determinant. Proc Natl Acad Sci U S A 108: 15876-15880.

. Ro H, Dawid IB (2009) Organizer restriction through modulation of Bozozok

stability by the E3 ubiquitin ligase Lnx-like. Nat Cell Biol 11: 1121-1127.

. Topol L, Jiang X, Choi H, Garrett-Beal L, Carolan PJ, et al. (2003) Wnt-5a

inhibits the canonical Wnt pathway by promoting GSK-3-independent beta-
catenin degradation. J Cell Biol 162: 899-908.

Li G, Iyengar R (2002) Calpain as an effector of the Gq signaling pathway for
inhibition of Wnt/beta-catenin-regulated cell proliferation. Proc Natl Acad
Sci U S A 99: 13254-13259.

Li FQ, Mofunanya A, Fischer V, Hall J, Takemaru K (2010) Nuclear-
cytoplasmic shuttling of Chibby controls beta-catenin signaling. Mol Biol Cell
21: 311-322.

Liao G, Tao Q, Kofron M, Chen JS, Schloemer A, et al. (2006) Jun NH2-
terminal kinase (JNK) prevents nuclear beta-catenin accumulation and regulates
axis formation in Xenopus embryos. Proc Natl Acad Sci U S A 103: 16313~
16318.

Soto X, Mayor R, Torrejon M, Montecino M, Hinrichs MV, et al. (2008)
Galphaq negatively regulates the Wnt-beta-catenin pathway and dorsal
embryonic Xenopus laevis development. J Cell Physiol 214: 483-490.

Tao Q, Yokota C, Puck H, Kofron M, Birsoy B, et al. (2005) Maternal wntl1
activates the canonical wnt signaling pathway required for axis formation in
Xenopus embryos. Cell 120: 857-871.

Forster R, Schubel A, Breitfeld D, Kremmer E, Renner-Muller I, et al. (1999)
CCR?7 coordinates the primary immune response by establishing functional
microenvironments in secondary lymphoid organs. Cell 99: 23-33.

de Lau W, Barker N, Clevers H (2007) WNT signaling in the normal intestine
and colorectal cancer. Front Biosci 12: 471-491.

Mumtaz M, Wagsater D, Lofgren S, Hugander A, Zar N, et al. (2009) Decreased
expression of the chemokine CCL21 in human colorectal adenocarcinomas.
Oncol Rep 21: 153-158.

Na IK, Busse A, Scheibenbogen C, Ghadjar P, Coupland SE, et al. (2008)
Identification of truncated chemokine receptor 7 in human colorectal cancer
unable to localize to the cell surface and unreactive to external ligands.
Int J Cancer 123: 1565-1572.

Sabates-Bellver J, Van der Flier LG, de Palo M, Cattaneo E, Maake C, et al.
(2007) Transcriptome profile of human colorectal adenomas. Mol Cancer Res 5:
1263-1275.

Nusse R (2008) Wnt signaling and stem cell control. Cell Res 18: 523-527.
Layden BT, Newman M, Chen F, Fisher A, Lowe, W L, Jr. (2010) G protein
coupled receptors in embryonic stem cells: a role for Gs-alpha signaling. PLoS
One 5: €9105. doi:10.1371/journal.pone.0009105

Goessling W, North TE, Loewer S, Lord AM, Lee S, et al. (2009) Genetic
interaction of PGE2 and Wnt signaling regulates developmental specification of
stem cells and regeneration. Cell 136: 1136-1147.

. Muthuswamy R, Mueller-Berghaus J, Haberkorn U, Reinhart TA, Schadendorf

D, et al. (2010) PGE2 transiently enhances DC expression of CCR7 but inhibits
the ability of DCs to produce CCL19 and attract naive T cells. Blood 116: 1454—
1459.

Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF (1995) Stages
of embryonic development of the zebrafish. Dev Dyn 203: 253-310.
Imajoh-Ohmi S, Kawaguchi T, Sugiyama S, Tanaka K, Omura S, et al. (1995)
Lactacystin, a specific inhibitor of the proteasome, induces apoptosis in human
monoblast U937 cells. Biochem Biophys Res Commun 217: 1070-1077.
Thisse C, Thisse B (2008) High-resolution in situ hybridization to whole-mount
zebrafish embryos. Nat Protoc 3: 59-69.

. Freisinger CM, Houston DW, Slusarski DC (2008) Image analysis of calcium

release dynamics. Methods Mol Biol 468: 145-156.

October 2012 | Volume 10 | Issue 10 | €1001403



